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Heavy rainfall may increase the inﬁltration rate, raising the groundwater table after a short period time.
Variation in the hydrostatic pressure on potential sliding surfaces and trailing edges of ﬁssures in a rock slope
may contribute to slope failure. The failure mechanisms of rainfall-triggered rock wedge slides have been widely
studied in the literature. However, studies on the dynamic evolution of groundwater in rock failure are still
limited. In this study, a typical rock wedge slide that occurred in Chengkou County, Chongqing, China is selected
as a case study to analyze the stability of rock wedge with double planes and tension crack subjected to
groundwater dynamic evolution. Model tests were designed and performed to reproduce the dynamic evolution
of groundwater in the rock slope and analyze its role in wedge failure. Development and distribution characteristics of water pressure are investigated through monitoring the water pressure distributed along the surfaces of wedge failures. From the experimental study, it is found that the initial formation process of water
pressure along the sliding surface consists of four types of distribution patterns, i.e., triangular distribution, Type
I trapezoidal distribution, Type II trapezoidal distribution, and Type III trapezoidal distribution. Based on the
model tests and theoretical analysis, the order of the calculated safety factors of the Chengkou rock wedge slide
are: triangle > type I trapezoid > type II trapezoid > type III trapezoid. The existence of inﬂection points in the
trapezoidal distribution mode signiﬁcantly increases water pressure on both sides of rock wedge, which contributes instability. The new approach for investigation of the eﬀect of dynamic evolution groundwater on
stability of rock wedge slide is developed based on fundamental mechanism and experimental study. It can be
adopted for stability assessment of similar rock wedge slides in other areas.

1. Introduction
Landslide is the down sliding of a mass of earth or rock along a
shearing surface (Huang, 2009; Hungr et al., 2014). Geological environment information site and Ministry of Natural Resources of China
record non-seismic fatal landslide events that have occurred during
2004–2016, of which 94.2% were directly related to the rainfall (Zhang
and Huang, 2018). Numerous rain-induced rockslides were recorded in
Southwest of China (Zhang et al., 2016). There is a lot of rain-induced
landslides causing great loss of lives and properties every year. Various
studies have shown that rainfall might be the most frequent factor

triggering landslides (Van Asch et al., 1999; Lin et al., 2011; Zhang
et al., 2012; Zhang et al., 2014; Zhang and Zhang, 2017). Heavy rainfall
can increase the inﬁltration rate and raise the groundwater table after a
short duration (Xu et al., 2016), which has a dynamic eﬀect on the rock
slope instability. Besides, the variation in hydrostatic pressure on potential sliding surfaces may also contribute to a rock slope failure.
The principles of rock failure and the various rock slide modes that
occurred in diﬀerent rockslides were investigated by several researchers
(Goodman and Kieﬀer, 2000; Li et al., 2009; Cho, 2013). Among the
historic rock slope failure events, rock wedge slide is the most common
failure mechanism within a wide variety of mechanisms leading to
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Fig. 1. Location of the study site with full view and geological condition of the Chengkou landslide that occurred in the Miaoba Town, Chengkou County, Chongqing
City. (a) Location of the study site on the map of China; (b) Disaster chain includes rock wedge slide, landslide dam, barrier lake, and ﬂood; (c) Full view of the
Chengkou landslide with barrier lake and landslide dam.

1998; Song and Der Kiureghian, 2003; Tamrakar et al., 2013). JimenezRodriguez et al. (2006) presented a system reliability approach to
analyze rock wedge stability considering diﬀerent failure modes. It was
found that geometry of the wedge and changes in water conditions have
a signiﬁcant impact on the computed probabilities, while changes in
unit weight of the rock have a considerably smaller eﬀect on the reliability.
However, studies on speciﬁc failure mechanisms of rock slope are
still limited since the distribution and activity of groundwater inside
rock slope are very complicated (Chen, 2004; Huang, 2011; Stead and
Wolter, 2015). Many engineering practices and researches have revealed that there are drawbacks for the assumption of uniform water
pressure along the sliding surfaces (Hoek and Bray, 1977; Zhou and
Wang, 2017; Raghuvanshi, 2019). For example, when the height of
water table in the vertical tension ﬁssure is near or equal to zero, the
estimated uplift pressure on the sliding surface is either close or equal
to zero, which disagrees with reality. On the other hand, when the
water table is high in the vertical tension ﬁssure and the sliding depth is
small, the uplift pressure on the sliding surface is overestimated.
However, when the water table is low in the vertical tension ﬁssure and

failure of rock slopes (Hoek and Bray, 1981; Goodman, 1989; Wittke,
1990; Low, 1997; Goodman and Kieﬀer, 2000; Shukla et al., 2009;
Prokešová et al., 2012; Hungr et al., 2014). The limit equilibrium
methods are the most widely-used approach for analyzing the slope
stability in both two and three dimensions (Hoek and Bray, 1977;
Wittke, 1990; Wang et al., 2004; Alejano et al., 2011; Shukla and
Hossain, 2011; Mineo et al., 2015; Pappalardo et al., 2017; Qin and
Chian, 2018). By conducting laboratory tests, Kumsar et al. (2000)
derived the limit equilibrium methods considering the dynamic eﬀects
and six types of wedge failures under the condition that static and
dynamic loading could be identiﬁed. Three- and two-dimensional
conditions have both been considered in limit equilibrium methods in
numerical modeling of rock slope stability (Shukla and Hossain, 2011).
A three-dimensional numerical modeling method (3D NMM) that
combines ﬁnite element and discontinuous deformation analysis was
proposed by He et al. (2013) and Zhao et al. (2018), which demonstrated that 3D NMM was a convenient geometrical model with good
performance to use in rock slope stability analysis. Reliability methods
are commonly adopted to determine the failure probability of a rock
wedge slide systematically and quantitatively (Ambartzumian et al.,
2
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landslide mass were obtained using a three-dimensional laser scanner
(Fig. 3a). The elevation of the trailing edge and the leading edge of the
landslide are about 990 m and 645 m asl, respectively, of which the
elevation diﬀerence is up to 350 m. The area of the landslide measured
about 1.02 × 105 m2, with the average length, lateral width and
average thickness being 320 m, 200 m, and 10 m, respectively. The
maximum depth of the V-shaped gully measured around 30 m (Fig. 3b).
The slope angle was mostly around 25–35°, in which the maximum
slope angle was up to 50°. The landslide's main sliding direction was
about 140° (Fig. 3c). The landslide source area was located on the axis
of the syncline which was formed by crumpling (dip SE, Fig. 3c). The
dip direction of the trailing edge M3, right side M1, and left side M2 was
150°∠75°, 75°∠47°, and 215°∠40°, respectively (Fig. 3b, c). The mean
dip direction of the slope surface was 140°∠30° (Fig. 3c). This rock
failure is an approximate symmetrical rock wedge slide and its conceptual model is shown in Fig. 3d. The geometric parameters of the
landslide body are listed in Table 1.

the sliding depth is large, the uplift pressure along the sliding surface is
underestimated. Furthermore, the uplift pressure on the sliding surface
is developed gradually over time. The slope failure does not necessarily
occur when the uplift pressure reaches the maximum value. Therefore,
there is still lack of a valid and eﬀective groundwater distribution
model for rock wedge sliding analysis purpose.
It is widely reported in the literature that physical model tests have
been used to investigate and estimate hydraulic characteristics of real
landslides (Zhou et al., 2012; Hu et al., 2014; Damiano et al., 2017; Wu
et al., 2017). The analysis of the experimental results has been supported by ﬁeld monitoring, theoretical analysis, and numerical modeling. For example, Wu et al. (2017) conducted model tests and found
that the hydrostatic pressure at the scarp together with the uplift action
along the sliding plane promotes the occurrence of landslides. Due to
the diﬃculties in ﬁeld monitoring of pore water pressure during failure,
model test can be used to reproduce the progress of real event. Although such kind of model test may not exactly reproduce the real
landslide processes, it does provide a better understanding of the distribution patterns of groundwater uplift pressure on the sliding surface
of the rock wedge slide.
The main objectives of this study are: (1) to promote the understanding of the dynamic evolution process of groundwater on rock
wedge mass, and (2) to study its eﬀects on rock wedge stability. The
2010 Chengkou rock wedge slide, a typical example of rainfall-induced
rock wedge slide case with well-established records, is selected as a
benchmark to reproduce the progress of real event, to analyze the
failure mechanism of the double-plane rock wedge with tension crack,
as well as to assess rock wedge mass stability subjected to groundwater
dynamic evolution. A series of physical model tests is prepared to explore the distribution patterns and dynamic evolution law of groundwater on the sliding surfaces at diﬀerent stages of slope failure. The
novelty of this study lies in the investigation of the dynamic evolution
of groundwater in a fracturing rock mass, which is fundamental for
mechanism recognition and assumption making in stability assessment
of rock wedge slides.

2.3. Geological conditions
A typical geological proﬁle is shown in Fig. 3e. After the landslide
occurred, a large area of smooth bedrock surface was exposed, where
clear scratches were visible (Figs. 2d and 3f). The rock of shale with
sandstone partings in the Mid-Silurian Luoreping Formation is mainly
exposed in the landslide area. The slope is covered with eluvial deposit
of Quaternary Holocene. Most of the exposed shale is deeply fractured
and highly weathered. During the rainy seasons, these materials can
easily be further weathered, disintegrated, and softened. Many landslides occurred on such a dip slope of shale (Chigira et al., 2003; Huang,
2009; Chigira et al., 2010; Huang, 2011). The thickness of the highly
weathered bedrock zone is generally 5–7 m. The main components of
the shear-zone soil are fragmented stone and gravel soil with particle
size smaller than that of the sliding body segment. Since the physical
and mechanical properties of the shear-zone soil are poor, it is easy to
be soften and form a weak interlayer by the groundwater. The bedrock
mass is weakly weathered shale with sandstone partings with good
bedrock integrity and poor permeability, and hence it could be considered as a relatively water-resisting plate (Fig. 3f). A spring point with
a ﬂow rate of about 0.8 L/s emerged at the trailing edge of the slope
body near the axis of syncline (Figs. 2d and 3b). It was originally located at the toe of the landslide.
Other researchers have reported that the Chengkou rock wedge
failure has several causes (Ma et al., 2011; Xu et al., 2011; Zhu, 2011;
Li, 2014): (1) Special slope structure. The landslide was composed of Vshaped wedge-shaped rock slides on both sides, which are symmetrical
from the syncline uplift structure. The strata was inclined outward and
formed free surfaces. (2) Fractured rock mass structure. The rock and
soil of sliding body were severely cut by ﬁssures. The fracture shape of
the rock mass was in the form of spallation with large, weathering
permeable zone. All are conducive to rapid inﬁltration and recharge of
precipitation (Zhang et al., 2016). (3) Groundwater action. During the
extended heavy rainfall period, a large volume of surface water seeped
into the landslide body and the sliding surface through the slope
structures and the tension cracks. Pore water pressure was developed
around the sliding mass, including hydrostatic pressure on an upper
plane at the vertical cracks and uplift pressure on the structural planes.
In addition, groundwater has inﬁltrated for a long time and been discharged along the slip surface, resulting in a sharp decrease in the shear
strength of the slip surface and structural planes.

2. Study area
2.1. Chengkou landslide
The Chengkou landslide is located in Shixing village, Miaoba town,
Chengkou County, Chongqing (Fig. 1a, b). Since 16 July 2010, the
Chengkou County experienced a period of heavy continuous rainfall. In
the early morning of 19 July 2010, total rainfall reached approximately
200 mm when the landslide occurred (Fig. 1b, c). The landslide mass
slid at a high speed and the horizontal slip distance was close to 200 m,
destroying the Provincial Road S202, and blocking the Luojiang River
(Figs. 1c and 2a). The fast-rising water levels consequently formed a
barrier lake that was 2.7 km in length and up to 200 m in width. The
barrier lake, with the largest area of 3.69 × 105 m2 and maximum
storage capacity of 5.3 × 106 m3, ﬂooded most of the Miaoba Town
within half an hour that was located at 500 m upstream of the landslide
(Figs. 1b and 2b). The total damaged area of local buildings caused by
the landslide was 22,848 m2, and the length of damaged roads was
about 2.7 km. After the landslide, the local government took emergency
mitigation measures and ﬁeld investigations to breach the landslide
dam (Fig. 2c, d). About 130,000 people were urgently evacuated from
the potential ﬂooding area within 35 km downstream including Miaoba
town, Pingba town, Dazhu town, and Wanyuan City. Totally, eight
people died with ﬁve people being reported missing. Almost 3,261
houses had collapsed and the direct economic losses amounted to
nearly RMB 1.17 billion (Ma et al., 2011).

3. Failure mechanism of double-plane rock wedge with tension
crack
A typical generalized wedge failure mode is shown in Fig. 4a, which
involves sliding on two persistent joints, named M1 (△OAC) and M2
(△OAB), with a line of intersection of joints (OA) at toe of rock face. At

2.2. Characteristics of the landslide
The morphological characteristics and basic geometry of the
3
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Fig. 2. (a) Landslide dam; (b) Most of Miaoba Town in the upstream area of the landslide was ﬂooded within half an hour; (c) Landslide dam breached; (d) Oblique
axis characteristics at the trailing edge of the landslide (for location see Fig. 1c).

the same time, an upper plane is formed by a tension crack and named
M3 (△OBC).

Vv2 = Vv sin δ2 =

The loads acting on the wedge include wedge gravity, eﬀective
normal force, and water pressure (Fig. 4b). For plane M1, forces include
eﬀective normal force N1, water pressure U1. For plane M2, forces are
the same as M1 including eﬀective normal force N2 and water pressure
U2. Water pressure V acts on the vertical tension crack plane (plane M3).
Moreover, external load E acts on wedge body (Jimenez-Rodriguez
et al., 2006; Li et al., 2009; Jiang et al., 2013; Shi et al., 2020). The
forces acting on the wedge are analyzed in detail as below.
The two components T and N of weight W with respect to the line of
intersection OA are shown in Fig. 4c and Eq. (1). The normal components of N acting on plane M1 and M2 are N1 and N2, respectively, as
shown in Fig. 4d and Eqs. (2) and (3). According to the formula of
pyramid volume, the water force V on the tension crack M3 of the rock
wedge is shown in Fig. 4e and Eq. (4). The water force V could be
decomposed into two components Vh and Vv, of which Vh is parallel and
Vv is perpendicular to the direction of OA (Fig. 4c). The normal component of Vv on the two failure planes M1 and M2 are Vv1 and Vv2, as
shown in Fig. 4f. The formulas are as follows.
(1)

N1 = N sin δ1 = W cos α sin δ1

(2)

N2 = N sin δ2 = W cos α sin δ2

(3)

1
V = γw Hw BM3
3
1
γ Hw BM3 cos(α + β )
3 w

(5)

1
Vv = V sin(α + β ) = γw Hw BM3 sin(α + β )
3

(6)

Vv1 = Vv sin δ1 =

3.2. Uplift water force on the two failure planes
A generalized mathematical model is established to analyze the
internal relationship among the water pressure distribution patterns
along the line of intersection OA (Fig. 4g). Let the line of intersection
OA be L and the water height in the tension crack M3 be HW. The distance from the inﬂection point of water pressure distribution to the
point O is L0. To simplify the computational model and the graph, it is
assumed that the value of HW is equivalent and the location that inﬂection point may occur is L0 in all distribution modes (Wyllie and
Mah, 2005; Ahmadi and Eslami, 2011; Raghuvanshi, 2019). The inﬂection point of water pressure projected on line of intersection OA is
point I. The water height of point I is HX. In order to unify these patterns
of water pressure distribution, a simple piecewise function is established as follows:

⎧
f (x ) =

(4)

Vh = V cos(α + β ) =

1
γ Hw BM3 sin(α + β ) sin δ1
3 W

(8)

where W is the weight of sliding mass; V is water force in tension crack
(M3); U is uplift water force on two persistent joints (M1 and M2); α is
dip of failure plane, and β is the angle between the crack plane and the
vertical direction; δ1 and δ2 are the angles between force N and projection of failure planes M1 and M2, respectively; γw is the unit weight
of water; Hw is height of water in tension crack; BM3 is area below the
groundwater table in the tension crack M3.

3.1. Weight forces on the rock wedge and tension crack

T = W sin α N = W cos α

1
γ Hw BM3 sin(α + β ) sin δ2
3 W

HX − HW
x
L0

⎨ HX x
⎩ L0 − L

+

+ HW , 0 ≤ x ≤ L0
HX L
,
L − L0

L0 < x ≤ L

(9)

It can be found that:
(i) when Hw > HX, f(x) represents the pattern of type I trapezoidal
distribution;
(ii) when Hw = HX, f(x) represents the pattern of type II trapezoidal
distribution;
(iii) when Hw < HX, f(x) represents the pattern of type III trapezoidal

(7)
4
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Fig. 3. Characteristics of the landslide. (a) Three-dimensional laser scanning map of the Chengkou landslide; (b) Three-dimensional view of the Chengkou landslide;
(c) Stereonet projection of two failure planes, tension crack and slope surface (Equal area, lower hemisphere); (d) Illustration of wedge failure; (e) The typical
geological proﬁles of the Chengkou landslide (for location see Fig. 1c); (f) The bedrock is shale with sandstone partings which has low permeability (for location see
Fig. 1c).
Table 1
Geometric parameters of Chengkou landslide body.
Parameter

Value

Occurrence of structural plane(°)

Length of intersecting line(m)

Angle of intersecting line(°)

M1

M2

M3

OA

OB

OC

Δ1

Δ2

Δ3

75∠47

215∠40

150∠75

185

90

150

100

135

95

Let the water pressures on the two failure planes M1 and M2 be U1
and U2, respectively. The value of water pressure is numerically equal
to the volume of a triangular pyramid. The calculation methods of the
two failure planes are identical. The action diagram of water pressure
U1 on the plane M1 under triangular distribution mode is shown in
Fig. 5a. Similarly, the water pressure U2 acting on the failure plane M2
can be deduced as follows.

distribution;
H
L−L
(iv) when H X = L 0 , f(x) represents a triangular distribution pattern,
W
similar to a special case in the type I trapezoidal distribution pattern.
In other words, regarding of where the inﬂection point occurs (i.e.
the value of L0), when using HW and HX to derive and calculate the
water pressure on the two failure planes, not only three trapezoidal
distribution patterns can be summed up as one but also, triangular
distribution patterns can be included. Therefore, the calculation of
water pressure acting on the two failure planes can be summarized to
ﬁnd the volume of an irregular prism described by HW and HX. The
water pressure is equal to the volume of a triangular pyramid or a triangular prism in value.

U1 =

1
1
γ Hw BM1, U2 = γw Hw BM2
3 w
3

(10)

where BM1 is the area of below the groundwater table in the failure
plane M1; BM2 is the area of below the groundwater table in the failure
plane M2.
The action diagram of water pressure U1 on the plane M1 under
5
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Fig. 4. Geometry of a wedge and the load acting on the wedge. (a) Surfaces deﬁning size and shape of the rock wedge; (b) The load acting on the rock wedge; (c)
Plane sketch of stability calculation model of the rock wedge; (d) Diagram of force N decomposition; (e) Diagram of water pressure on failure plane M3; (f) Diagram
of water pressure VV decomposition; (g) Generalized mathematical model of groundwater pressure distribution.

incorporating the parameters into the stability calculation formula. The
distribution pattern and dynamic evolution law of groundwater have a
signiﬁcant inﬂuence on the saturation line and the area below
groundwater, which is similar to the analysis in a plane failure (Park
and West, 2001; Ahmadi and Eslami, 2011; Prokešová et al., 2012). If
the groundwater table is an irregular broken line or curve, its computational equation can be obtained by curve ﬁtting, and then the volume
of water can be obtained by the integral method, of which the value is
the water pressure acting on the two failure planes (Shukla et al., 2009;
Zhou and Wang, 2017). The whole calculation process is relatively
complicated. Similarly, under the condition of rainfall, the dynamic
change of groundwater leads to the change of many parameters. By
synthesizing many dynamic factors, the distribution pattern and dynamic evolution law of groundwater can be described as accurately as
possible, so that the results of the stability calculation can be closer to
reality.

trapezoidal distribution mode is shown in Fig. 5b. The formula is as
follows. The value of water pressure U1 is equal to the volume of two
pyramids and a prism. Similarly, the water pressure U2 acting on the
failure plane M2 can be deduced as follows.

U1 =

2
γW ⎡
+ HX2 + HW HX ) BM12
(HW
+ HX BM13⎤
HW BM11 +
⎢
⎥
3 ⎣
HW + HX
⎦

(11)

U2 =

2
γW ⎡
+ HX2 + HW HX ) BM22
(HW
+ HX BM23⎤
HW BM21 +
⎥
3 ⎢
HW + HX
⎣
⎦

(12)

where BM11, BM12, and BM13 are the partial area of the failure plane M1
below the groundwater table, and BM1 = BM11 + BM12 + BM13; BM21,
BM22, and BM23 are the partial area of the failure plane M2 below the
groundwater table, and BM2 = BM21 + BM22 + BM23.
3.3. Stability assessment of rock wedge

4. Physical model test veriﬁcation
The formula for calculating the stability of wedge failure landslide is
presented below:

Due to the diﬃculties in ﬁeld monitoring of pore water pressure
during failure, model test can be used to reproduce the real event. In
this paper, an experimental setup with water ﬁlled in the trailing edge
of the wedge-shaped rock slope was designed to study the water pressure distribution of sliding surfaces. The ﬂume tests were implemented
to capture the increase of the hydrostatic pressure on the trailing tension crack plane (tension crack plane) and the uplift pressure at the
sliding surface of both sides of the landslide, during the initiation
process as the rainwater inﬁltration into the wedge rock, which is the

(N1 − U1 − Vv1) tan φ1 + (N2 − U2 − Vv2) tan φ2 + c1 AM1 + c2 AM2
K=
T + Vh
(13)
where AM1 and AM2 are the total area of two failure planes M1 and M2,
respectively; c1, c2, φ1, and φ2 are the cohesions and friction angles of
discontinuities M1 and M2, respectively.
The safety factor of the rock wedge can be obtained by
6
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Fig. 6. Instrumentation of the ﬂume. (a) An overview of the ﬂume and location
of the piezometers; (b) Sketch of the ﬂume.

4.2. Experimental procedure

Fig. 5. Diagram of water pressure on failure plane M1. (a) Triangular distribution mode; (b) Trapezoidal distribution mode.

The water injection rate is controlled by the ﬂowmeter, and the data
is collected by an artiﬁcial reading of the piezometric water head. By
using the water head of the piezometer tubes, the water pressure is
collected and generated as a distribution map. It is then used to analyze
the distribution pattern and the characteristics of the raw water pressure along the slip line.
The process of detailed tests is as follows. Firstly, the main wedge
body was ﬁlled with ﬁne sand and compacted to ﬁeld soil density.
During the experiments, water was injected into the fractural plane at
the trailing edge through a reserved water injection hole at the trailing
edge of the wedge-shaped groove. Water injected rate was ﬁxed by the
ﬂowmeter, and infection duration was controlled by a timer concurrently. After starting injection, variation in the water head of the
piezometer tubes would be measured over time. Particular attention
was paid to analyzing the characteristic rule of the water pressure in the
early formation stage until the water head in the piezometer tubes
reaches a stable level. Finally, the test would be stopped and the water
would be drained away, ensuring the water in the void was fully discharged. Next experiment with a ﬁxed water injection rate could be
carried out afterwards. By using the water head of the piezometer tubes,
the water pressure was calculated and was generated as a distribution
map. Then it was used to analyze the distribution pattern and the
characteristic raw of water pressure along the slip line.
The ﬁxed water injection rates of seven groups of experiments were
set as 30 L/h, 45 L/h, 60 L/h, 75 L/h, 90 L/h, 105 L/h, 120 L/h, respectively. In order to rule out the randomness of the test, each group of
ﬁxed injection rate tests was conducted at least twice for comparison
and error exclusion. The time interval of readings was adjusted according to the steadiness of the water pressure. The intervals were
ﬁrstly 1 min, and then 2 min, followed by 5 min and 10 min in the late

fundamental hydro-mechanical aspects of the rock wedge slide.

4.1. Experimental design and hypotheses
The rock wedge slide in the selected study sites has three structural
planes and is an approximately symmetrical rock wedge slide (including the failure planes M1 and M2, and ﬁssure at the trailing edge M3
as shown in Fig. 3d). For illustrating the characteristics of the distribution pattern of the water pressure along the sliding surface concisely and intuitively, the typical symmetrical double-sliding wedgeshaped rock slope is imported as a generalized prototype of the physical
simulation test. The ﬁssure structures on both sides of the wedge are
symmetrical about the intersecting line. An overview and sketch of the
ﬂume and instrumentation is shown in Fig. 6.
Considering the rock wedge slide where a rill is distributed in the
center and main spring outlet is located on the crown of the rock slope,
it is assumed that the water ﬂows into the ﬁssure at the trailing edge,
and then seeps only along the ﬁssure structures on both sides of the
wedge. Finally, it ﬂows out at the slope toe in the physical model. The
slope itself is impermeable. This experiment considers only the eﬀect of
hydrostatic pressure on the block (including the hydrostatic pressure at
the trailing edge and the uplift pressure on the two bottom slipping
surfaces) and ignores the eﬀect of the hydrodynamic pressure (Fig. 7).
The vertical plane passing through the intersecting line (slip line) of the
two sliding (M1 and M2) is two-dimensionally generalized (Fig. 8).
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Fig. 7. Diﬀerent views of the test apparatus. (a) Front side; (b) Back side; (c) Left side; (d) Right side.

along the direction of slip lines on both sides of the wedge-shaped
groove to measure the real-time water head of each point in the
ﬁssures and along the sliding line. In order to improve the data
reading speed and accuracy, the piezometer tubes should be numbered from the trailing edge to the leading edge and be marked with
the scale in advance.
4.4. Results and analysis
4.4.1. Variation in water pressure over time at six measuring points
Fig. 9 shows the variation in water pressure at six measuring points
over time under the ﬁxed water injection rate of 105 L/h. As there is no
signiﬁcant diﬀerence in the graphic change trend for all ﬁxed water
injection rates, here we use this graph as an illustrative example.
After the start of the test, water pressure was generated in the piezometer tubes from near to distance (Fig. 9). Water pressure at each
measuring point reached the maximum value at 14 min. Then the
pressure value of some piezometer tubes showed a decrease with different levels between 0.5% and 1.8%. Each piezometer tube achieved a
stable state of pressure afterwards. Decrease in water pressure was
mainly aﬀected by factors such as the void connectivity of the sliding
surface material, the dynamic equilibrium eﬀect between the water
injection rate and the seepage rate, the capillary action and the
boundary eﬀect of the test model. Since the decreasing trend was very
limited impact, it can be considered that the post-peak water pressure
was stabilized.

Fig. 8. Two-dimensional conceptual model.

stage.
4.3. Instrumentation of the ﬂume
The experimental apparatus consisted of three parts: wedge-shaped
block device, water injection device, and pressure measuring device
(Figs. 6 and 7).
(1) The wedge-shaped block device: the size of the wedge-shaped
groove was approximately 1.8 m (length) × 1 m (width) × 1.4 m
(height), and the dip angle of the line of intersection was about 15°.
The planes of the rock wedge were made of steel sheets.
(2) The water injection device included a water tank, ﬂow meter, and a
pressure stable pump. The water tank was used for water storage
and stabling the water head. The ﬂow meter was employed to
control the water injection rate precisely. The pressure stable pump
was applied to provide a certain hydraulic head and steady ﬂow.
(3) The pressure measuring device: six piezometer tubes were placed

4.4.2. Development of water pressure at early stage
Fig. 10 shows the ﬁrst-half formation process over time of the water
pressure along the sliding surface at each water injection rate. The
horizontal axis represented the distance from the water injection hole at
the trailing edge (along the direction of the slip line). In order to focus
on the characteristics of the ﬁrst-half formation process of the water
pressure at the sliding surface, only the pre-peak water pressure was
8
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Fig. 9. Variation in pore water pressure at 6 measuring points with time under the ﬁxed injection rate of 105 L/h.

two groups of lateral ﬁssure structural planes alter the development
characteristics of the water pressure at the sliding surface.

delineated. It could be inferred that: (1) with water inﬁltrating the
mass, pore pressure increased in sequence from the water inlet to the
seepage outlet; (2) with the dynamic balance between the water injection rate and the seepage rate, there would be a peak water pressure
in the middle of the model; (3) with the increase of time, the water
pressure distribution pattern would change; and (4) with the increase of
ﬂow rate, the dynamic equilibrium time was shortened, and the location of peak pressure would move toward the inlet.
Comprehensive analysis of the ﬁrst-half formation process of the
water pressure at the sliding surface of each water injection rate can
reveal some regular characteristics (Fig. 11). After the test starts, water
pressure was generated in the piezometer tube in sequence with water
seepage from the trailing edge to the front edge. The water pressure
along the slip line was similar to a triangular distribution pattern at this
stage, and the triangle extended forward gradually with time, as shown
in Fig. 11a, b.
As experiment went on, the distribution pattern of the water pressure transformed into an approximately trapezoidal distribution pattern. Three types of trapezoidal distribution are identiﬁed:

4.4.3. Development of peak water pressure at each ﬁxed water injection rate
Fig. 12 shows the peak water pressure distribution diagram over six
measuring points at each ﬁxed water injection rate. The values in
brackets from the legend indicate the time required for stabilization. As
the water injection rate increases, the time required to reach the steady
state decreases gradually and the peak value of water pressure becomes
larger. Also, the position where the peak water pressure appears gradually moves toward the trailing edge. The reason is that increasing
seepage intensity requires a shorter time to achieve dynamic equilibrium between the seepage rate at the leading edge and the water injection rate at the trailing edge.
This phenomenon is considered to be related to the dynamic balance
between the seepage rate at the leading edge and the water injection
rate at the trailing edge. Under relatively small water injection rates,
the water pressure at the sliding surface is aﬀected by gravity more
signiﬁcantly, and the water gathers more at the leading edge forming
the peak water pressure. As the water injection rate increases, the slope
of water pressure becomes steeper and tends to be stable after reaching
a certain level. As time goes by, the seepage rate of the leading edge
(i.e., the slope between the point of piezometer tube No. 5 and the point
of piezometer tube No. 6 in Fig. 12) reaches its maximum and then
becomes stable. Larger water injection rate of the trailing edge causes
water enrichment in the slope. Thus, the peak value of water pressure
gradually moves toward the trailing edge.

(1) The water pressure along the slip line was similar to decreasingtrapezoidal distribution pattern (Type I). Water pressure was gradually decreasing from the trailing edge to the leading edge, and
there was an inﬂection point somewhere on the sliding surface. The
peak value of the water pressure was at the trailing edge in this
model, as shown in Fig. 11c.
(2) The water pressure distribution along the slip line was similar to a
kind of trapezoidal shape (Type II) which remained constant at ﬁrst
and then decreases from rear to front. In other words, water pressure from the trailing edge to the front ﬁrstly maintained stable and
then showed a decreasing trend after the inﬂection point. The peak
value of the water pressure in this model located between the
trailing edge to the inﬂection point, as shown in Fig. 11d.
(3) The water pressure along the slip line increased at ﬁrst and then
decreases to a trapezoidal shape (Type III). Water pressure increased from the trailing edge and reached the peak value at the
inﬂection point somewhere on the sliding surface, before gradually
decreasing. The peak value of the water pressure in this model was
located at the inﬂection point exactly, as shown in Fig. 11e.

4.4.4. Final distribution pattern of water pressure
From the above analysis, it can be inferred that when water injection condition is stable at the trailing edge, the position of peak water
pressure would move from the leading edge to the trailing edge at the
ﬁnal steady state as water seepage discharge at leading edge becomes
larger and vice versa.
Fig. 13 shows the developing trend of the stabilized distribution
pattern of water pressure along the sliding surface with an increased
ﬁxed water injection rate and improvement of water seepage conditions. Fig. 13a–c are of the types which increase ﬁrst and then decrease
like a trapezoidal shape (Type III). The peak of water pressure gradually
moves toward the trailing edge.
For the actual rock wedge slide, the permeability of rock is relatively low and the seepage channel at the leading edge is not well developed in the initial stage. Heavy rainfall may increase inﬁltration
rate, and raise the groundwater table after a short time, which causes
the uplift pressure at the leading edge that will be very high (Ahmadi
and Eslami, 2011; Xu et al., 2016). This will inevitably promote the
formation of an active groundwater zone, enhance the softening eﬀect
at the slope toe, speed up the penetration of potential sliding surfaces,
and greatly improve the water seepage conditions at the leading edge

For every water injection rate, the distribution pattern of water
pressure along the sliding surface can be characterized with the evolution progress as Triangular distribution→Type I trapezoidal
distribution→Type II trapezoidal distribution→Type III trapezoidal
distribution. The characteristics of the initial formation process and the
distribution pattern of the water pressure along the slip line in the rock
wedge slope have their particularities in the early stage, which are
closely related to their special slope structure (the wedged failure surface consisting of three groups of structural planes). It is clear that the
9
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Fig. 10. Distribution of water pressure along the slipping surface in the ﬁrst-half formation progress of water pressure before reaching peak. (a) 30 L/h; (b) 45 L/h;
(c) 60 L/h; (d) 75 L/h; (e) 90 L/h; (f) 105 L/h; (g) 120 L/h.

Fig. 11. Development of water pressure along the sliding surface in the early stage of the physical model. (a) Triangle distribution; (b) Triangle distribution; (c) Type
I trapezoidal distribution; (d) Type II trapezoidal distribution; (e) Type III trapezoidal distribution.
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Fig. 12. Distribution of peak water pressure over six measuring points at each ﬁxed water injection rate.

tension crack. We use the physical model to reveal hydro-mechanical
behavior in the failure process of the rock wedge slopes. The distribution pattern and dynamic evolution law of groundwater in the sliding
surface are preliminarily summarized through systematic arrangement
and analysis of experimental data of the physical model.

(e.g., exposure of spring at leading edge). Continuous water injection at
the trailing edge caused increases in permeability of the leading edge
part, which would potentially result in the shift of peak uplift pressure
on the failure surface backward to the trailing part.
Hence, it can be speculated that when the water seepage conditions
are good at the leading edge and the water injection ﬂux at the trailing
edge are suﬃcient enough, the Type III trapezoidal distribution pattern
will transfer to a Triangular distribution pattern, as shown in Fig. 13d.
To a certain degree, it proves that the hypothesis of the triangular
distribution pattern proposed by Wyllie and Mah (2005) is the actual
maximum value of the downward pressure.

5. Analysis of the Chengkou rock wedge stability subjected to
groundwater dynamic evolution
5.1. Eﬀective parameters
Based on ﬁeld surveys and laboratory tests, the physical and mechanical parameters of the rock and soil from the landslide are listed in
Table 2.
The natural and saturated unit weight of rock are 20.5 kN/m3 and
21.5 kN/m3, respectively. Because the physical and mechanical properties of the two failure planes are similar, the cohesions and friction
angles of discontinuities M1 and M2 are taken as the same in this analysis of wedge stability.

4.4.5. Comparison of physical experiments and real geological phenomena
The rock consisting of shale with sandstone partings is widely distributed in Southwest China, where many rock slides are triggered by
heavy rainfall (Huang, 2009; Yin et al., 2009). Three key causes include
intensive rainfall water inﬁltration, rock partings with incongruous
deformation, and unloading cracks at the slopes (Goodman and Kieﬀer,
2000). In this paper, the Chengkou rock wedge slide was taken as a
benchmark and the modeling of water pressure distribution along the
sliding surface of the rock wedge was carried out. For a rockslide, rain
water mainly penetrates into the slope and the sliding surface through
the vertical tension cracks, and then generates the hydrostatic pressure
and the uplift pressure in the vertical ﬁssures of the trailing edge and
the bottom sliding surfaces, respectively, which aﬀects the stability of
the slope. It is diﬃcult to obtain the precipitation amount and the
height of the groundwater table at the time of landslide occurrence.
Besides, the seepage condition in the leading edge and at the crown of
the model is complex.
Despite the seepage condition remains unchanged in the physical
model, diﬀerent water injection rates in the leading edge and at the
crown of the model are considered. The real sliding planes of the
Chengkou landslide are approximately symmetrical according to angles
δ1 and δ2 between the force N and projection on failure planes M1 and
M2, respectively (Figs. 2d and 3c) (Xu et al., 2011), and it could be
simpliﬁed to a conceptual model to include two failure planes and the

5.2. Computation model
Among all the factors that may aﬀect landslide initiation, rainfall
inﬁltration might be the most important and sensitive one. Therefore,
the stability calculation can be divided into the following two models.
(1) Model I (No-rainfall conditions): according to the ﬁeld investigation, the spring outlets at the toe of the landslide have a small
discharge. The rock body can be regarded to drying up under longterm no-rainfall conditions without suﬃcient underground seepage.
Therefore, it is assumed that there is no groundwater distribution at
the surface of rupture under this circumstance.
(2) Model II (Rainfall conditions): Due to the limited data from the ﬁeld
investigations, the dynamic variation of the groundwater table in
the tension cracks could be assumed to follow the results of model
tests to calculate the safety factor of the landslide.

Fig. 13. Final distribution of water pressure along the sliding surface with the increase of ﬁxed water injection rate and improvement of water seepage conditions. (a)
Type III trapezoid; (b) Type II trapezoid; (c) Type I trapezoid; (d) Triangle.
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Table 2
Physical and mechanical parameters of rock mass.
Layer

Material

c(kPa)

φ(°)

Sliding body
Slip zone soils
Bedrock

Blocky soil and strongly weathered rock mass
Block stone and soil
Weak weathered rock mass

18.5
16
5400

34.5
12.2
37.5

Fig. 15. Sensitivity analysis of the groundwater table in the tension crack of
rock wedges.

|OE| =
Fig. 14. Generalized model and geometric parameters in the tension crack M3.

The calculated hydrostatic pressure V on the tension crack M3 with
change in the groundwater table HW is used to calculate the stability of
the landslide. The key to the calculation is the area BM3 of the tension
crack M3 below the groundwater table. The geometric parameters of the
tension crack in the generalized model are shown in Fig. 14.
The calculation formula of the length of the saturation line EF is as
follows:

|EF| =

+ tan θ2)

1
Hw L sin ∆1
|OE||OA| sin ∆1 =
2
2 cos θ1 cos β

BM1 =

BM11 =

1
|OE||OG| sin β
2

(18)

BM12 =

1
|OI|(|OG| + |IH|)
2

(19)

BM13 =

1
|IH||IA|
2

(20)

(14)

where Hw is the slope length of the tension crack M3, of which vertical
H
projection is Hw satisfying Hw , = cosWβ ; |EF| is the length of the saturation
line, and the angles θ1 and θ2 are the intersection angle between OG
and the bound of the △OBC, which can be obtained by the space
vector.
Then the area BM3 of the tension crack M3 can be computed by:

where OG and IH are projection lines of Hw and HX on plane M1, respectively. They are computed by:

|OG| =

HW 2 (tan θ1 + tan θ2 )
2cos2 β

(17)

(ii) The area of BM1 in a trapezoidal distribution mode, which is trapezoidal distribution model (Fig. 5b), is computed as:

,

BM3 =

(16)

(i) The area of BM1 in a triangle distribution mode (Fig. 5a) is computed
as:

5.3. Analysis results of the wedges stability

Hw , (tan θ1

Hw ,
Hw
=
cos θ1
cos θ1 cos β

(15)

Hw
HX
, |IH| =
cos δ1
cos δ1

(21)

The line OI connects the point O to the position of the inﬂection
point of water pressure. The line IA is the distance from inﬂection point
to the toe of the landslide. The position of inﬂection point OI and the
head height HX are unknown parameters, which can be calculated by
hypothesis when it is diﬃcult to obtain in situ. In this study, they were
obtained from the previous derivation. The stability assessment process
of the rock wedge is compiled in Table 3. The height of the groundwater
table Hw = 32 m was adopted as an example in Table 3. The factor of
safety is 0.986 indicating that the landslide is in an unstable state.
The calculation process of no-rainfall conditions Model I is the same
as Model II. The height of the groundwater table HW in the tension

Then, according to the derivation in the previous section, V, Vv, Vv1,
and Vv2 can be obtained in turn.
In the calculation of the uplift pressure U1 and U2 on both failure
planes, it is very important to calculate the area under the groundwater
saturation line of the landslide. Due to the groundwater table of the
Chengkou landslide not being monitored, the groundwater distribution
pattern is assumed to follow the model test. The right failure plane M1 is
taken as an example to calculate the area below the saturation line.
The length of OE is the saturated part of the plane intersecting line
OC below the saturation line EF, as shown in Fig. 14, is computed as.

Table 3
The calculating parameters of safety factor for the rock wedge and the height of the groundwater table Hw = 32 m adopted as an example.
ID

Parameter

Unit

Value

ID

Parameter

Unit

Value

ID

Parameter

Unit

Value

1
2
3
4
5
6
7
8
9
10
11

α
β
θ1
θ2
δ1
δ2
Δ1
Δ2
Δ3
φ
c

Rad
Rad
Rad
Rad
Rad
Rad
Rad
Rad
Rad
Rad
kPa

0.35
0.26
1.05
0.61
0.75
0.87
1.75
2.36
1.66
0.21
16

12
13
14
15
16
17
18
19
20
21
22

γ
Volume
W
N1
N2
T
Plane AM1
Plane AM2
BM3
BM1
BM2

kN/m3
m3
kN
kN
kN
kN
m2
m2
m2
m2
m2

21
3.54 × 105
7.43 × 106
4.76 × 106
5.35 × 106
2.54 × 106
3.00 × 104
1.30 × 104
1.33 × 103
6035.72
2645.26

23
24
25
26
27
28
29
30
31
32

HW
L
Vh
Vv1
Vv2
U1
U2
Resistance F
Sliding F
Factor of safety

m
m
kN
kN
kN
kN
kN
kN
kN
–

32
185
1.17 × 105
5.57 × 104
6.26 × 104
643,810.6
282,161.1
2.62 × 106
2.66 × 106
0.986
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Table 4
Three parameters for stability evaluation of the Chengkou rock slide case under diﬀerent water pressure distribution modes.
Distribution modes

Triangle

Type I trapezoid

Type II trapezoid

Type III trapezoid

Water head HW(m)
Distance of inﬂection point OI(m)
Water head of inﬂection point HX(m)

30
125
9.7(Computed)

30
125
25(Assumed)

30
125
30(Assumed)

30
125
35(Assumed)

Fig. 16. Schematic diagram for stability calculation at diﬀerent water pressure distribution modes. (a) Triangle; (b) Type I trapezoid; (c) Type II trapezoid; (d) Type
III trapezoid.

distribution mode would signiﬁcantly aﬀect the stability of the wedge
mass body.
It is, therefore, extremely important to fully recognize the distribution pattern of the groundwater pressure when landslide stability
is evaluated. Moreover, the calculation of the area below the groundwater table should also be given as much attention as possible.

Table 5
Factor of safety of rock wedges under diﬀerent water pressure distribution
modes.
Distribution modes

Triangle

Type I
trapezoid

Type II
trapezoid

Type III
trapezoid

Stability coeﬃcient

1.004

0.981

0.952

0.920

6. Conclusions

crack M3 in the Table is set as 0 m, and the calculating parameters of the
sliding zone and sliding body can be selected as natural conditions for
calculation.
The stability calculation results show that the safety factor of the
landslide is 1.371 without rainfall, and the landslide is in a stable state.
In the case of a rainstorm, the safety factor of the landslide and the
change in the groundwater table in tension crack M3 are shown in
Fig. 15. It can be inferred from the graph that with the increase of the
groundwater table in tension crack M3, the safety factor of the landslide
decreases gradually, and the landslide changes from stable state to
unstable state. Finally, when HW reaches 30 m, the slope is unstable.
Furthermore, it can be found from the slope of the curve that with the
increase of the groundwater table, the reducing speed of the safety
factor of the rock wedge is accelerated.
At present, it is still not well known about the position of inﬂection
point in the near trapezoidal water pressure distribution model.
Moreover, the relationship between the inﬂection point and the water
head of the tension crack, and the relationship between the inﬂection
point and the time in the formation of water pressure are also not
known at present. This paper makes a simple quantitative comparison
of landslide stability under diﬀerent water pressure distribution modes
by assuming the distance OI of the inﬂection point, the height of the
water head HW and the water head at the inﬂection point Hx. The values for these parameters are shown in Table 4 and Fig. 16.
The diﬀerence in stability calculation between the triangular distribution model and the trapezoidal distribution model lies only in the
calculation of uplift pressure on both failure planes. The ﬁnal results of
the stability calculation are listed in Table 5. It could be found from
Table 5 that when the height of the groundwater table Hw is the same,
and the diﬀerent hypothesis of water pressure distribution is adopted.
The calculated value of the safety factor of the rock wedge is as follows:
triangle > type I trapezoid > type II trapezoid > type III trapezoid,
which is consistent with the results reported in previous literatures
(Jimenez-Rodriguez and Sitar, 2006; Jiang et al., 2013; Johari and Lari,
2016). When the height of the groundwater table in the tension crack is
the same, the water pressure at the inﬂection point of the trapezoidal

In this paper, a study of stability of rock wedge slide subjected to
dynamic evolution of groundwater has been presented. In particular,
Chengkou landslide is taken as a real case study for benchmark. In this
study, various new water pressure distribution models have been proposed. Combining ﬁeld monitoring, model tests and theoretical studies,
the dynamic evolution of groundwater and its eﬀects on slope stability
are investigated. The conclusions are as follows:
(1) The initial formation process and distribution pattern of the water
pressure along the slipping surface of rock wedge slide can be
summarized as triangular distribution → I trapezoidal distribution
→ II trapezoidal distribution → III trapezoidal distribution.
(2) When water injection condition is stable at the trailing edge, the
position of peak water pressure would move from the leading edge
to the trailing edge at the ﬁnal steady state as water seepage discharge at leading edge becomes larger and vice versa.
(3) The water pressure will eventually change from the trapezoidal
distribution mode to the triangular distribution mode under suﬃcient seepage magnitude and enough water inﬁltration. The maximum uplift pressure will be formed when the water pressure distribution is in a triangular pattern, which provides a reference for
the application of the hypothesis proposed by Hoek and Bray
(1977) in a rock slope stability analysis.
(4) The slope stability of the Chengkou subjected to diﬀerent water
pressure distribution patterns was quantitatively assessed and
compared. With the stable groundwater table in the trailing edge,
the order of safety factor of the rock wedge is as follows: triangle > type I trapezoid > type II trapezoid > type III trapezoid.
The existence of the inﬂection point of the trapezoidal distribution
mode is unfavorable to the stability of rock slope.
Through the comprehensive study as presented in this paper, it is
rational to apply the proper assumptions of groundwater distribution in
rock landslides and perform optimization analysis for slope stability.
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